Introduction {#Sec1}
============

Many fish species thermoregulate behaviourally through natural behaviour, i.e., seek out a temperature close to their optimal temperature for growth ([@CR50]; [@CR21]). Hence, temperature preferanda will tend to coincide with the optimal temperature for growth ([@CR21]; [@CR18]). In their review of the ontogenetic effects on thermal preferences of fish, [@CR37] concluded that, in some fishes, there were shifts in temperature choices towards lower temperatures for larger fish. If left for a sufficient time in a temperature gradient, fish will eventually 'gravitate' to a final preferred temperature ([@CR42]; [@CR34]), defined as the final preferendum temperature ([@CR17]). For several fish species, the final preferendum temperatures are suggested to coincide with the optimal temperature for growth ([@CR37]) or alternatively near the optimal temperature for growth efficiency ([@CR34]). In a laboratory trial with Arctic charr (*Salvelinus alpinus*) the fish selected temperature lower than its optimal temperature for growth hence maximising its growth efficiency as optimal temperature for feed conversion is suggested to be lower than temperature for optimal growth ([@CR29]; [@CR34]). Little is known about temperature preferendum of wild juvenile Atlantic cod (*Gadus morhua* L.). Studies have indicated that wild juvenile cod may inhabit areas with sub-optimal growth temperatures ([@CR31]) in order to optimize their probability of survival, whereas other studies indicate that migratory behaviour of cod may depend on foraging strategies ([@CR39]) and can broadly be divided into deep- or shallow-water migrations. The shallow-water cod appear to follow the seasonal trend in temperature characteristic for shelf waters where large seasonal differences in temperature may occur (with maximum temperatures in late summer/autumn, and minimum temperatures in late spring). The deep-water cod, however, migrate to deeper and cooler waters and increase their vertical movement. In this scenario the shallow-water cod would be more sedentary and display higher growth but at a higher predation risk. The study of [@CR20] indicated that juvenile cod can be found in shallow water during summer, but migrate into deeper water during autumn and winter. This could be related to juvenile thermoregulative behaviour of the deep-water cod, where the fish avoid the low winter temperatures in shallow-water. Different spatial distributions of early-life stages and adults as a consequence of different ambient temperatures have been reported for some fish species ([@CR15]; [@CR18]) including Atlantic cod ([@CR38]; [@CR33]), and efforts have been made to predict distribution of fish based on the optimal temperature for growth ([@CR10]) and on the ambient temperature experienced by the fish during summer and autumn ([@CR38]).

Fish typically show a rapid increase in relative growth rate as the temperature rises, passing through a peak at optimum temperature (*T*~opt~*G*) and falling rapidly at temperatures beyond *T*~opt~*G* (cf. [@CR9]; [@CR12]; [@CR25]; [@CR30]). A common finding in studies examining the relationship of temperature and size on growth is that *T*~opt~*G* deceases as fish size increases ([@CR25]; [@CR30]). To utilize this mechanism to improve growth, fish would have to be reared in "temperature steps" i.e. temperature should be lowered following changes in fish size, mimicking a mechanism suggested for wild cod ([@CR20]; [@CR4]). In the present study we try to mimic this different "temperaturestep" method by rearing one group of fish at three different temperatures i.e. 16 °C followed by 13 and 10 °C, and comparing growth with fish held at stable temperatures.

The aim of the present study was to characterise growth potential of juvenile Atlantic cod at early juvenile stages reared at five different temperature regimes. Four regimes consisted of constant temperatures between 7 and 16 °C and one regime was designed to follow the *T*~opt~*G* for juvenile cod between 5--70 g. More specifically, we wanted to investigate how optimal temperature for growth and feed conversion efficiency varies with size and whether these differences (if any) are more pronounced at optimal temperature than at suband super-optimal temperatures.

Materials and methods {#Sec2}
=====================

Fish material and experimental rearing conditions {#Sec3}
-------------------------------------------------

The eggs were obtained from two commercial cod juvenile producers. The first group was attained from a cod hatchery in western (59°50′ N), Norway and transported to the facilities of the University of Bergen were they were incubated. The broodfish were wild caught in the area around Bømlo (W-Norway) in 2003 and reared in 40 m^3^ tanks at simulated natural photoperiod and temperature of 6--8 °C (sea water pumped from 160 m depth). The mean weight of the broodfish was approx. 7 kg (range 5--18 kg). The eggs hatched on 28 March and the larvae were subsequently transferred to a 500 l tank with a constant temperature of 7.8 °C. The larvae were reared under continuous light, fed fresh filtered natural zooplankton (gradually increasing size fraction from 80 to 1000µ) and weaned on a commercial formulated feed (Marin 030 and 050, Ewos A/S, Bergen, Norway) containing 60% protein, 12% fat and 12% carbohydrates. On 20 June 2003 the juveniles were brought to the Industrial and Aquatic Laboratory at the Bergen High Technology Centre and reared at 10 °C and simulated natural photoperiod (LDN, 60° N). This light regime was used throughout the acclimation and experimental period.

The aforementioned group of fish, which was startfed on natural zooplankton, was mixed with an equal number of fish originating from another cod hatchery from western (61°40′ N), Norway. The broodfish were wild caught in the area around Møre (W-Norway) in 2003 and reared in 70 m^3^ tanks at simulated natural photoperiod and temperature of 6--8 °C (sea water pumped from 100 m depth). The mean weight of the broodfish was approx. 15 kg (range 7--22 kg). This group was first fed in an intensive system using enriched rotifers for 25 days and subsequently fed the same commercial feed as the group described above (Ewos Marin 030 and 050). On 22 June the fish were transported to the Industrial and Aquatic Laboratory at the Bergen High Technology Centre and reared under the same conditions as described above.

The fish (*n* = 1123) from the two groups were mixed and distributed randomly into 10 rearing tanks. The 1 m^2^ square, grey, covered fiberglass experimental tanks had a rearing volume of 400 l and a bottom outlet. Seawater with a salinity of 33.5‰ (±0.2‰) was pumped from 90 m depth. Water flow was set to 10 l min^−1^ for all experimental tanks. Oxygen saturation was measured weekly in the effluent (i.e. bottom outlet) water of all tanks and was higher than 80% at all times. A 36 W fluorescent daylight tube integrated in the tank-cover provided light. Photon-irradiation measured at the bottom of the tanks was ca. 5 µmol m^−2^ s^−1^. Prior to, and during the experiment, the juveniles were fed a commercial formulated feed (Marin 10 and 20, Ewos A/S) containing 55% protein, 12% fat and 11% carbohydrate. Pellet size (2 and 3 mm) was adjusted during the experiment, depending on fish size with an introduction of 3 mm pellets from 14 October.

The growth study was carried out from 8 September until 12 December 2003. On 25 August 2003, in preparation for the study, a subgroup within each tank (*n* = 40--41 in each tank, *n*~total~ = 484) were tagged intraperitoneally with Trovan® Passive Transponder tags, and gradually acclimated over one day (7 and 13 °C groups) or three days (16 °C and temperature-step groups) to the five experimental temperatures regimes of 7, 10, 13, 16 °C and temperature-step group (T-step group). Each temperature regime consisted of two replicate tanks. The temperature-step regime was as follows: 16 °C from 9 September to 7 October; 13 °C from 8 October to 19 November; 10 °C from 20 November to 12 December. This group is supposed to mimic temperature conditions found in Norwegian waters in late summer and autumn ([@CR1]). The mean rearing temperature in this group was 13.2 °C. The temperature in all groups was measured twice daily, and remained within ±0.2 °C (SD) of that prescribed. All fish were anaesthetised (metacain, 0.05 g l^−1^), and weighed individually (0.1 g) at 22--28 days interval during the experiment.

Feed was provided in excess for two 30 min periods daily (09:00--09:30 h and 14:30--15:00 h). Uneaten pellets were collected after each feeding (no later than 30 min after each feeding pulse) by filtering the outlet water with a fine mesh and counted to estimate feed intake and feed conversion efficiency.

Rearing in sea pens {#Sec4}
-------------------

After termination of the temperature trial all individual fish (*n* = 473) were acclimatized to 10 °C and transported by truck on January 15 2004 to the production site of Marine Harvest at Smøla (W-Norway, 63°31′) where the fish are reared at ambient temperatures (mean temperature 15 °C in August, mean temperature 5 °C in March) in sea pens (40 m in diameter, 7 m deep, 1000 m^3^ in volume). The fish were reared together with 7500 other (untagged) cod in one sea pen. Mean weight at start (all fish) was 172 g and the total biomass in the sea pen was approx. 9000 kg at start. The fish were hand fed five times a week using a commercial formulated feed from Ewos (Ewos Cod feed, 5--13 mm). On June 29 2005 we conducted a sampling where weight of 158 tagged fish from the temperature study was measured. Number of fish in June 2005 was 7700 with an average weight (all fish) of 1200 g.

Data analysis and statistical methods {#Sec5}
-------------------------------------

Total feed consumption (*C*~T~) was calculated as total feed supplied --- total remaining feed. *C*~T~ was calculated on a daily basis and then summarized for each period. Daily feeding rate (*F*%) was calculated as $$\documentclass[12pt]{minimal}
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$$F\% = 100[C/(({B_1} + {B_2})/2)]{({t_2} - {t_1})^{ - 1}}$$
\end{document}$$ where, *C* is feed consumption (g) in the period and *B*~1~ and *B*~2~ are fish biomass (g) on days *t*~1~ and *t*~2~ respectively. Feed conversion efficiency (FCE) was calculated as biomass gain per unit weight of feed consumed: $$\documentclass[12pt]{minimal}
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\end{document}$$ Specificgrowth rate (SGR) was calculated according to the formula of [@CR23]: $$\documentclass[12pt]{minimal}
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\end{document}$$ where, the instantaneous growth coefficient g is $$\documentclass[12pt]{minimal}
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$$g = (\ln {W_2} - \ln {W_1}){({t_2} - {t_1})^{ - 1}}$$
\end{document}$$ and *W*~2~ and *W*~1~ is wet weight (g) at days *t*~2~ and *t*~1~, respectively.

SGR was regressed against geometric mean weight (GM), where GM is: GM=(*W*~1~*W*~2~)^1/2^. To avoid pseudoreplication, data for tagged fish (*N* = 30--50) in each tank were combined in this regression.

In calculation of the temperature effect on growth rate, *Q*~10~ of growth was calculated according to: $$\documentclass[12pt]{minimal}
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$${Q_{10}} = {({G_2}G_1^{ - 1})^{10{{({T_2} - {T_1})}^{ - 1}}}}$$
\end{document}$$ where, *G*~1~ and *G*~2~ are observed specific growth rates at temperatures *T*~1~ and *T*~2~ ([@CR46]).

All statistical analyses were performed with STATISTICA™ 6.0. To assess normality of distributions a Kolmogorov-Smirnov test was used and homogeneity of variances was tested using the Levene\'s *F* test. Two-way nested ANOVA ([@CR49]), where replicates are nested within the temperatures, was applied to calculate the effect of different temperatures on mean weights and specific growth rates. Significant ANOVAs were followed by a Student-Newman-Keuls multiple comparison test to locate differences among treatments ([@CR49]). For weight data of fish in sea pen we used a Fisher LSD unequal *N* test to locate differences as the number of fish was unequal between the groups. For parameters where only group data existed (*FCE, F*% and *C*~T~) a two way nested ANOVA ([@CR49]) was applied, followed by a Student-Newman-Keuls multiple comparison test to locate any differences among treatments ([@CR49]). Individual growth trajectories were analysed using a growth curve analysis model (GCM, [@CR11]) which is an extension of the multivariate repeated measurements analysis of variance (MANOVA) model. The model equation of the GCM had the form: $$\documentclass[12pt]{minimal}
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$${\rm{Y}}(n \times p) = {\rm{X}}(n \times q){\rm{B}}(q \times p) + {\rm{E}}(n \times p)$$
\end{document}$$ where **Y**(*n*× *p*) are the growth at age vectors **y** = (*y*~1~, *y*~2~, ..., *y*~*p*~) for each *p* (age) measurements on n individual fish; **X**(*n* × *q*) is the design matrix or the set of extraneous variables measured for each individual, i.e., *q* = age~*p*~+temperature~*i*~; (*i*=7, 10, 13, 16 °C and T-step); **B**(*q* × *p*) is the matrix of parameters estimated by the model; **E**(*n* × *p*) is the matrix of deviations for each individual from the expected value of **Y**=**XB**

Analyses were made for all temperatures combined and for each temperature separately. Size specific growth was analysed with a parabolic regression ([@CR49]) where *G* was regressed against temperature for three size classes; 5--10, 20--30, and 40--50 g. To be able to conduct this analysis for the 7 °C group we had to make a selection for fish in the largest (i.e. 40--50 g) size range. The regression was made using the combined growth rates of all tagged fish at each temperature for the chosen size intervals. Optimal temperatures for growth (*T*~opt~*G*) were calculated as the zero solution to the first derivative of the parabolic regression equations i.e. the solution of: $$\documentclass[12pt]{minimal}
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$$G = a{T^2} + bT + c {\rm{or }}dG/dT = 0 \to {T_{{\rm{opt}}}}G = - b/2c$$
\end{document}$$ where, *G*=specific growth rate, *T*=temperature (°C), and *a,b* and *c* are constants determined by the regression. Asymptotic standard error of mean (SEM) for *T*~opt~*G* was calculated based on individual growth data. Similar regressions were made for three size classes (i.e. 8--12, 18--32 and 32--50 g) of Atlantic cod for the feed conversion efficiency data (*T*~opt~FCE). Here the asymptotic standard error of mean was based on group data.

The *G* versus GM regressions were analysed using covariance analysis (ANCOVA, [@CR47]), the ANCOVA being run with size as a covariate. The model equation of the ANCOVA had the form ([@CR45]): $$\documentclass[12pt]{minimal}
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$${X_{ij}} = \mu + {\alpha _i} + \gamma ({z_{ij}} - \bar z) + {\varepsilon _{ij}}$$
\end{document}$$ where, μ is the overall mean, *α*~i~ is the treatment effect of the temperature groups, *γ* is the regression coefficient for the *G*-GM regression, *z*~*ij*~ is the geometric mean weight of the fish (covariable) and *ɛ*~ij~ the error term. Size ranking (initial size rank vs. final size rank) and growth ranking (initial growth vs. final growth) was tested using Spearmans rank correlation (*r*~Sp~[@CR49]). *r*~Sp~ was also used to test the correlation between the total thermal sum (*T*~SUM~) for each replicate defined as: $$\documentclass[12pt]{minimal}
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$${T_{{\rm<Superscript>M</Superscript>}}} = \sum\limits_{i = 1}^n {{T_i}} $$
\end{document}$$ where *T*~*i*~ is the temperature at day *i* = 1 at start (8 September) and *n* the temperature at termination of the experiment (13 December). A significance level(*α*) of 0.05 was used if not stated otherwise. In cases with non-significant statistical tests, power (1−*β*) analysis were performed using the PASS program package ([@CR22]) using *α* 0:05.

Results {#Sec6}
=======

Mortality {#Sec7}
---------

Total mortality was 2.3% (11 fish). No systematic trend was found as mortality occurred in all rearing units except for the T-step group (7 °C=5 fish; 10 °C=2 fish; 13 °C=1 fish; 16 °C=3 fish, *χ*~2~ \< 2:2, *p* \> 0.2). Ten of the dead fish were registered from 16--19 November. A size-dependent mortality was found on 19 November as the dead fish were significantly smaller than the surviving fish at both 7 and 16 °C (one way ANOVA, *p* \< 0.05).

Effect of temperature on growth {#Sec8}
-------------------------------

The overall initial mean weight (sd) was 8.9 (0.3) g and did not differ (two way nested ANOVA, Power (1 − *β*) \> 0.9) among the groups. The T-step and 13 °C had the highest final mean weight (51.4 g in both groups, two way nested ANOVA, *p* \< 0.05, Figure [1](#Fig1){ref-type="fig"}). From early October onwards the 7 °C group had lowest mean weights (two way nested ANOVA, *p* \< 0.01) of all the groups, whereas the 10 and 16 °C group ranked in-between. The final mean weights of the T-step and 13 °C groups were 11 and 12% higher than those of the 10 and 16 °C groups, respectively. Mean individual growth trajectories were different (GCM, MANOVA~TEMPERATURE,\ Wilk\'s\ lambda\ (L)16,1329~ =0.36, *p* \< 0.001, Figure [2](#Fig2){ref-type="fig"}) between the five temperatures throughout the study period. Significant differences were also found in growth-at-age trajectories of the experimental groups (MANOVA~TEMPERATURE~× AGE, Wilk\'s M~12,1153~=0.46, *p* \< 0.001, Figure [2](#Fig2){ref-type="fig"}) from early September onwards. In the first period the juvenile cod at 13 and 16 °C displayed the highest growth, whereas the juveniles at 7 °C had the slowest growth of all groups from September until November (Student-Newman-Keuls test, *p* \< 0.05). Growth in all groups except the 7 °C group declined between September and December. The overall growth rate was highest at 13 °C and T-step (1.80% day^−1^, Student-Newman-Keuls test, *p* \< 0.05) and lowest at 7 °C (1.25% day^−1^), while the 10 and 16 °C groups had overall growth rates of: 1.61 and 1.71% day^−1^ respectively (Figure [2](#Fig2){ref-type="fig"}). Q~10~ of overall specific growth rate was 2.2 between 7 and 10 °C, 1.5 between 10 and 13 °C and 0.8 between 13 and 16 °C. Overall there was a significant positive correlation between thermal sum and growth (*r*~Sp~=0.71, *p* \< 0.01). Figure 1Mean weight of juvenile Atlantic cod reared at five different temperature regimes. Vertical line indicating SE may be obscured by symbol. Different letters indicate statistical differences (two-way nested ANOVA, *p*\<0.05), with 'a' as the highest value. The values for two replicates are combined; *n*=80--82 for each mean value; ns=not significant.Figure 2Mean specific growth rates of individually tagged Atlantic cod reared at five temperature regimes during the experimental period. Vertical whiskers SEM. Different letters denote significant differences (Student-Newman-Keuls test, *p*\<0.05) within each temperature regime, *n*=80--82 for each mean value.

Effect of fish size on growth {#Sec9}
-----------------------------

The size specific growth rate differed between the temperature groups. In the 7 °C group growth rate did not change with increasing weight (linear regression, *p*\>0.05, Figure [3a](#Fig3){ref-type="fig"}, 1 − *β* \>0.75), whereas growth rate declined with size at the other temperatures (linear regression, *p*\<0.05, Figure [3b](#Fig3){ref-type="fig"}--[e](#Fig3){ref-type="fig"}). The regression lines for the five temperature groups were non-parallel (ANCOVA, Table [1](#Tab1){ref-type="table"}, *p* \< 0.001) as the slope for 7 °C deviated from all other slopes, and the specific growth rates were highly correlated with size (ANCOVA, *p*\<0.01, Table [1](#Tab1){ref-type="table"}). Figure 3Specific growth rate (SGR) versus geometric mean weight (GM) of juvenile Atlantic cod. Each data point is the mean of 39--50 individually tagged fish from each replicate. (a) 7 °C : SGR=1.56 − 0.016GM, *p*\>0.15, (b) 10 °C : SGR=2.28 − 0.027GM, *p*\<0.01, (c) 13 °C : SGR=2.48 − 0.025GM, *p*\<0.05, (d) 16 °C : SGR=2.77 − 0.041GM, *p*\<0.01, (e) T-step: SGR=2.62 − 0.030GM, *p*\<0.01. *n*=8 for all groups.Table 1Analysis of covariance (ANCOVA) for the regression of specific growth rate (SGR, %day^−1^) against geometric mean (covariate=GM) weight (*W*, g wet weight) at different temperatures (*T*, °C); df= degrees of freedomSource of variationSum of squaresdfMean squareF-ratiopMain effectTemperature (T)3.2740.8118.8\<0.01CovariateGM weight (W)3.6613.6684.6\<0.001InteractionT × W5.3151.0624.5\<0.001Residual1.47340.04

The same trend of declining growth rates was seen when growth rates were plotted against temperature for three size classes of juvenile cod (5--10 g, 20--30 g, and 40--50 g, Figure [4](#Fig4){ref-type="fig"}). The resulting parabolic regressions (Figure [4](#Fig4){ref-type="fig"}) indicated that the temperature optimum for maximum growth in juvenile cod (*T*~opt~*G* ± SE) declines with size, and were estimated to be 14.7±0.5°C for 5--10 g, 12.9±0.3°C for 20--30 g, and 12.6±0.2°C for 40--50 g fish (Figure [4a](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}, respectively, Table [2](#Tab2){ref-type="table"}). Figure 4Changes in specific growth rate (SGR) with temperature for three different size classes of juvenile Atlantic cod. The lines represent the least-squares second order polynomial fit to the data: SGR=*a T*^2^+*b T* +*c* where SGR=Specific growth rate, *T*=temperature, and *a,b* and *c* are constants determined by the regression. Vertical lines indicate standard error of mean, *n*=30--40 for each data point. The T-step group is marked by square symbol. For the three size classes optimum temperature for growth (*T*~opt~*G*) indicated by the broken lines were calculated from the first order derivative of the parabolic regressions (i.e. when *dG/dT*=0).Table 2The relationship between growth rate (SGR) and temperature in °C (*T*) estimated by a second order polynomial (*G*=*aT*^2^+*bT*+*c*) for different weight range of juvenile Atlantic codWeight rangeabcnr^2^T~opt~G±SE rangeG~max~5--10−1.1910.481−0.0162590.3914.714.2--15.22.3520--320.3090.2830.0112520.1312.912.6--13.21.5140--500.1780.2560.0102710.2012.612.4--12.81.43G~max~ is the growth rate at optimal temperature.

Size and growth ranking {#Sec10}
-----------------------

A significant size rank correlation (initial weight versus final weight) was maintained at all temperature regimes (*r*~Sp~\>0.62, *p*\<0.05). The size rank correlation was highest at 7 °C (*r*~Sp~=0.82) and lowest at 13 °C (*r*~Sp~=0.62). Also, there was an overall significant positive correlation between adjacent growth rates (i.e. week~*n*~ and week~n+i~) in all temperature groups at all dates. Accordingly, initial vs. final growth rates were significantly correlated at all temperatures (*r*~Sp~=0.33, *p*\<0.05).

Feed intake and feed conversion efficiency {#Sec11}
------------------------------------------

Feed consumption (*C*~T~) and daily feeding rate (*F*%) differed between temperature regimes (Table [3](#Tab3){ref-type="table"}). The 13 °C had the highest feed consumption and 7 °C the lowest consumption. Across temperatures the 7 °C group had the lowest *F*% whereas the 13 and 16 °C and T-step groups displayed similar daily feeding rates. Feed conversion efficiency (FCE) differed between temperatures (two way nested ANOVA, *F*~4,35~=2.7, *p*\<0.05). Overall the T-step group had the highest FCE (1.28) being significantly higher than FCE in the 7 and 10 °C groups. The optimal temperature for FCE (*T*~opt~FCE) (±SE) varied among size classes (Figure [5](#Fig5){ref-type="fig"}, Table [4](#Tab4){ref-type="table"}), although the range was less than for growth rate. *T*~opt~FCE was estimated to be 11.3 °C for 8--12 g juvenile cod and 12.2 °C for the other two size classes (18--32 and 32--50 g). Figure 5Changes in feed conversion efficiency (FCE) with temperature for three different size classes of juvenile Atlantic cod. The lines represent the least-squares second order polynomial fit to the data: FCE=*aT*^2^+*bT*+*c* where FCE=Feed conversion efficiency, *T*=temperature, and *a,b* and *c* are constants determined by the regression. Vertical lines indicate standard error of mean, *n*=2 for each data point. The T-step group is marked by square symbol. For the three size classes optimum temperature for growth (*T*~opt~FCE) indicated by the broken lines were calculated from the first order derivative of the parabolic regressions (*i.e.* when *dG/dT*=0).Table 3Feed consumption (*C*~T~), daily feeding rate (*F*%) and feed conversion efficiency (FCE) of juvenile Atlantic cod reared under five temperature regimesTemperature (°C)C~T~(g ww)F%FCE7428.3 (41.4)^b^1.07 (0.15)^b^1.11 (0.13)^b^10655.3 (78.9)^b^1.31 (0.22)^ab^1.14 (0.06)^b^13883.7 (149.9)^a^1.45 (0.27)^a^1.19 (0.06)^a^16839.1 (71.9)^a^1.45 (0.38)^a^1.17 (0.06)^ab^T-step800.9 (59.3)^a^1.42 (0.39)^a^1.28 (0.05)^a^Results are given as mean (standard deviation), *n*=8 for each temperature regime. Different letters denote significant differences (two way nested ANOVA, *p*\<0.05) between temperature treatments.Table 4The relationship between feed conversion efficiency (FCE) and temperature in °C (*T*) estimated by a second order polynomial (FCE=*aT*^2^+*bT*+*c*) for different weight range of juvenile Atlantic cod, *n*=10 for all three regressionsWeight rangeabcr^2^T~opt~FCE±SE rangeFCE~max~8--120.7050.0940.0040.4211.310.8--11.81.2418--320.6330.0900.0030.2012.210.2--14.21.1832--500.6060.1050.0040.2212.29.9--14.51.25FCE~max~ is the feed conversion efficiency at optimal temperature.

Growth in the sea {#Sec12}
-----------------

The mean weight of fish reared at different temperatures during early juvenile stage did differ after rearing the fish in sea pens at ambient conditions for 17 months (Student-Newman-Keuls test, *p*\<0.05, Figure [6](#Fig6){ref-type="fig"}). On June 29 2005 the mean weight of the T-step fish from the laboratory experiment was largest (1.70 kg, *n*=29), followed by the 13 °C fish (1.61 kg, *n*=43), the 16 °C (1.57 kg, *n*=20), the 10 °C (1.51 kg, *n*=36), and with the smallest fish from the 7 °C group (1.20 kg, *n*=26). Figure 6Mean weight of Atlantic cod reared five different temperature regimes during early juvenile stage and then reared in sea pens at ambient conditions for 17 months. Vertical line indicating SE may be obscured by symbol. Different letters indicate statistical differences (Fisher LSD test, *p*\<0.05), with 'a' as the highest value, *n*=20--43 for each mean value.

Discussion {#Sec13}
==========

Growth rate and feed conversion efficiency of juvenile Atlantic cod were significantly influenced by temperature and fish size. In the first part of the experiment juvenile cod at 16 °C had the highest growth rate (2.19% day^−1^, Figure [2](#Fig2){ref-type="fig"}), whereas juvenile cod reared at T-step regime and at 13 °C had the highest growth rates in the latter stages of the experiment. Overall growth rates were highest at 13 °C and the T-step groups (1.80% day^−1^ in both groups). It is notable that although growth rates and biomass increase were similar in these two groups the physiological basis differs as the fish at 13 °C had 10% higher overall feeding intake compared to the T-step group, whereas the T-step had 8% higher feeding efficiency. It may be that different feeding dynamics are to some extent be reflected in the behaviour of cod. [@CR44] reviewed a century of tagging studies with Atlantic cod and found that of all cod groups investigated 41% could be categorized as sedentary, 20% as dispersers and 38% as homers (i.e. deep water foraging in the paper by [@CR39]). Moreover, [@CR44] found that it was the sedentary cod groups that had lower maximum historical biomass, confirming that migration begets abundance. This effect would mostly be attributed to secondary effect of migration as migrating cod can better exploit the seasonal changes in productivity. Our data point to another positive effect of migration as cod moving from high to low temperature might also increase their feeding efficiency and energy utilisation, thus adding to larger biomass of migrating cod as compared to sedentary cod. The T-step rearing regime mimics the mechanism of behavioural thermoregulation where juveniles may seek temperatures maximising their fitness ([@CR38]: [@CR31]). In some species juveniles seek out a temperature close to their optimal temperature for growth ([@CR50]; [@CR21]; [@CR48]), whereas other species seek to maximise their feeding efficiency. [@CR6] postulated that cod migrations around Iceland are, at least partly, driven by feeding and optimal foraging mechanism i.e. seeking out temperatures that maximises feeding efficiency. In a natural environment, these temperatures could be much lower than what has been found in laboratory experiments, as *T*~opt~*G* decreases with decreased feed availability ([@CR28]).

The current study shows that fish following its *T*~opt~*G* gradient will benefit in terms of higher feeding efficiency (Table [4](#Fig4){ref-type="fig"}) and the effect can be apparent after the fish has moved from higher to lower temperature (Figure [5](#Fig5){ref-type="fig"}). Moreover, the groups performed differently when reared at ambient conditions in the sea (Figure [6](#Fig6){ref-type="fig"}) as the T-step group was 11.6, 11.5, 5.3 and 7.5% larger than 7, 10, 13 and 16 °C, respectively in June 2005. Based on this observation and the fact that the T-step rearing regime had, together with the 13 °C group, the highest overall growth rates in the temperature trial, we postulate that rearing fish at downward temperature regime (i.e. T-step) may result in long term positive effect on feeding efficiency and growth in juvenile cod. The changes that occur during thermal acclimation involve a series of adaptations at the enzymatic level that may lead to higher feed efficiency. There is some evidence that downward thermal acclimation (i.e. moving fish from higher to lower temperature) may result in increased activities in enzymes involved in aerobic energy liberation and ion transport in muscle ([@CR28]) and increased digestive enzyme activity ([@CR32]). Optimal temperature for enzymatic activity can vary with size ([@CR35]). Accordingly, the fish in the T-step group may have been reared closer to optimal temperatures for enzymatic activity than the fish in the constant temperature groups. The data for different periods in the temperature trial show that FCE is indeed improved in line with reduced temperature in the T-step group. FCE improved from 1.0 to 1.2 to 1.35 when reared at 16, 13 and 10 °C, respectively. In contrast, FCE remained stable throughout the trial in the other temperature groups.

In other demersal fish species the positive effect of *T*~opt~*G* rearing scheme has been noted. When studying growth of spotted wolffish (*Anarhichas minor*) larvae up to 63 days after hatching (0.2--3 g), [@CR19] found that growth was highest when larvae were moved from 12 to 10 and later to 8 °C, compared to constant temperatures. In Atlantic halibut (*Hippoglossus hippoglossus*, 160--400 g) reared at constant (11 and 14 °C) or switched (14 moved to 11 °C and vice versa) temperature regimes, [@CR3] found that growth rate was highest in fish transferred from 14 to 11 °C. This coincides with the *T*~opt~*G* for Atlantic halibut which has been shown to decrease from 14.9 to 12.7 °C in the early juvenile stage ([@CR30]). These findings are in line with results from the present experiment showing a decrease in temperature optimum with increasing fish size. Overall, the positive correlation between the thermal sum and growth indicates that high growth can be achieved in juvenile Atlantic cod by rearing juvenile cod in the temperature range of 13--16 °C during the first months in culture.

In nature Atlantic cod larvae are poorly developed at hatching (approx. 4 mm) with a relatively small yolk sac, which is completely absorbed after 5 days. They feed and live pelagically for several weeks and settle in coastal areas in benthic environments at 4--5 cm length ([@CR40]). Observations on growth of wild juvenile Atlantic cod indicate that a size of 15--20 g can be reached 5--9 months after hatching (i.e. the same age as current experimental material) ([@CR2]; [@CR6]). Compared with the higher optimum temperature for growth and the much higher growth seen in the present experiment this demonstrate that wild Atlantic cod seldom experience temperature conditions where their full growth potential can be achieved. [@CR6] pointed out the fact the benefits of selecting *T*~opt~*G* may be outweighed by other crucial factors such as feed availability, risk of starvation and predation risk.

The significant effect of size on growth rate (Figures [3](#Fig3){ref-type="fig"}--[4](#Fig4){ref-type="fig"}) is in accordance with studies on several fish species ([@CR9], [@CR16]; [@CR43]; [@CR25]; [@CR30]) including cod ([@CR41]). In the present experiment, size dependent growth was significantly influenced by temperature (Figures [3](#Fig3){ref-type="fig"}--[4](#Fig4){ref-type="fig"}). There was an inverse relation between size and growth rate (Figure [3](#Fig3){ref-type="fig"}), except in the 7 °C group where no significant relationship was found (Figure [3a](#Fig3){ref-type="fig"}). The stable growth rates seen with increasing size in the 7 °C group are in accordance with our *T*~opt~G calculations (Figure [4](#Fig4){ref-type="fig"}): at this sub-optimal temperature fish approach their optimum temperature range for growth as size increases, in line with the general pattern described by [@CR9]. The parabolic regressions (Figure [4](#Fig4){ref-type="fig"}) suggest an optimum temperature for growth of juvenile Atlantic cod in the size range 5--50 g to be between 14.7 and 12.6 °C, and decreasing with size. A similar decrease in *T*~opt~*G* with size has been reported for plaice (*Pleuronectes platessa*, [@CR16]), turbot (*Scophthalmus maximus*, [@CR25]), Atlantic halibut ([@CR30]), Atlantic cod ([@CR6]), and for fish in general ([@CR12]). Atlantic cod appears to be rather eurythermal, which is expressed by high growth rates over a relatively wide temperature range. This also conforms to the benthic thermal range in the distribution area for Atlantic cod in the North Atlantic ([@CR7]). It is worth noting that the parabolic regressions between growth rate and temperature becomes less sharply defined with increasing size (Figure [4](#Fig4){ref-type="fig"}), indicating increasing temperature tolerance with size. This is in accordance with earlier studies on Atlantic cod ([@CR6]), and other species ([@CR8]; [@CR14]; [@CR25]). [@CR12] indicated that, in general, the temperature optimum for growth in fish declines 1--2 °C with increasing weight in the range of 10--500 g. Our findings are in line with these predictions as *T*~opt~*G* declines with 2.3 °C in the size range 5--50 g. Earlier studies with Atlantic cod have also indicated that the drop in *T*~opt~*G* is highest for the early juvenile stage ([@CR6]; [@CR4]) with a drop in *T*~opt~*G* from 17.3 °C for 2 g cod to 10.7 °C for 200 g cod, whereas *T*~opt~*G* is between 6 and 7 °C for 2--5 kg cod ([@CR6]).

Calculated optimal temperature for feed conversion efficiency (*T*~opt~FCE) is slightly lower than *T*~opt~*G* which is in line with findings on Atlantic halibut ([@CR5]), turbot ([@CR26]) and Atlantic cod ([@CR6]). The suggested explanation for this finding is that at an unrestricted ration growth rate reaches a maximum at a temperature lower than that giving maximum ingestion rate ([@CR28]). Accordingly, as the temperature is lowered slightly below *T*~opt~*G* the growth rate decreases less than the ingestion rate, resulting in increased feed conversion efficiency ([@CR5]).

The high size rank correlation observed at all temperatures may indicate an early establishment of stable size ranks (hierarchies), which is common under culture conditions ([@CR24]). As in the present experiment, such hierarchies have been shown to form even under excess feeding ([@CR13]; [@CR27]; [@CR36], [@CR24]). Alternatively, the changes in size distribution in the present study may have originated from inherent genetic differences in growth capacity of the fish ([@CR24]). This growth element, apparently, has some kind of "memory" (see discussion in [@CR24]) as we found an overall positive correlation between adjacent (i.e. week~*n*~ and week~n+i~) at all temperatures. As growth declined with increasing size (Figure [3](#Fig3){ref-type="fig"}), the correlation between initial and final growth rates can be interpreted as stable growth variation with increasing size.

In conclusion, the present study verifies a significant ontogenetic variation in optimum temperature for growth in juvenile Atlantic cod, with a reduced temperature optimum and an increased capacity for growth at lower temperatures as fish size increases. Moreover, our data show a possible mechanism for increasing feed conversion efficiency by "mimicking" thermoregulative behaviour as juvenile cod reared at a temperature step regime had a lower feed intake, but higher feed efficiency compared to cod at constant temperature regimes. There may be a substantial gain in growth by rearing fish at high temperatures (13--16 °C) during early juvenile stage as growth in a follow up trial in the sea indicated 5--13% gain in weight by applying a T-step rearing regime in the land-based rearing phase. These findings may have important consequences for optimization of commercial production of Atlantic cod, but might also help to explain the motivation of cod migration.
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